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Abstract: Deploying gas generators as a source of combined heat and power (CHP) in residential complexes offers the potential for substantial reductions in overall energy use and greenhouse-gas emissions. Here we use mathematical modelling to predict the operational behaviour of such generators in a hypothetical network of 100 residential apartment buildings.
In our models the generators produce electricity for local needs and for participation in the national energy market (NEM), while delivering space heating and hot water to the residences. The management strategies used optimise economic performance while satisfying the heat and power demands of the residential customers. The heat and power demand data has been synthesised using multiple information sources and is intended to represent a plausible demand pattern for residential apartment buildings in Victoria, Australia.
We present a linear programming based optimisation strategy for controlling micro-CHP generators that provide heating, hot water and electricity for apartment blocks. We assume that the operator of the generators can also participate in the NEM by providing a block of power once a day. Our system assumes that we have perfect prior knowledge about the power and heating demands in the apartment blocks as well as about the prices on the NEM.
By running the optimisation for each day of the year 2012, we show that an optimal strategy would provide about 67% of the annual electrical generation capacity of all generators for local use as well as for export to the NEM. We also show that the variable profit obtained from running the generators is extremely high on days with high NEM prices compared to days with average prices. Where it is unprofitable to operate the generators electricity is purchased from the grid at market rates.
An operator running CHP-generators according to the business model we describe in this paper must make sure that he or she can profit from the days with extreme NEM prices. A business model where the operator can only sell electricity to the occupants of the apartment blocks for the retail price has a much smaller earning potential. Therefore, allowing distributed generation operators with significant capacity to participate in the NEM should greatly encourage the installation of these devices and help reduce price peaks and congestion at the same time.
Our results also show that the savings in CO 2 emissions from using CHP-generators in apartment buildings can be substantial with up to a 52% reduction in annual emissions compared to satisfying heat and electrical demand by conventional means. The CO 2 savings are also strongly influenced by the wholesale prices in the NEM and being able to make use of high prices leads to significant additional savings which is demonstrated by the the amount saved on summer peak days.
In our future work, we want to examine control strategies that do not assume perfect knowledge about prices and demand on the next day but instead use available data like weather forecasts and the price forecasts provided by Australian Energy Market Operator (AEMO), combined with reacting to observed data. We could then use the system presented in this paper as a benchmark for measuring the predictive and adaptive strategies.
INTRODUCTION
Thermal generators for electric power only transform part of the chemical energy contained in their fuel into electrical power, most of the difference is transformed into heat. Data from the Combined Heat and Power Partnership, US Environmental Protection Agency (2002) indicates that a typical steam turbine used in a large coal fired plant has an electrical efficiency of between 15% and 38% while a generator with combined heat and power (CHP) has a total efficiency (including heat) between 56% and 75%. Therefore, using generators situated close to heat demand can reduce the emission of greenhouse gases compared to the currently dominant central generation model with large power plants far away from potential heat demand.
Control strategies for single CHP plants have already received considerable attention in the literature. Kong et al. (2005) present a linear program for controlling a CHP plant with afterburner and integrated absorption chiller for cooling loads. A very similar set-up is investigated by Cardona et al. (2006) for a plant at Malpensa airport in Italy. This paper also compares future investment options. Arcuri et al. (2007) use a mixed integer programming model (MILP) to optimally size a combined cooling, heat and power (CCHP) plant for a hospital complex. Cho et al. (2009) develop a network flow model to control CCHP operations and examine its performance under different climate conditions. A number of papers simultaneously consider economic and environmental factors using multi-objective optimisation techniques (Carvalho et al., 2012; Fazlollahi et al., 2012; Kavvadias and Maroulis, 2010) .
In this paper, we are concerned with decentralised micro-CHP generators. Alanne and Saari (2004) present a general review of issues that can influence decisions when considering small-scale CHP (like micro turbines or reciprocating engines) as an alternative energy source for buildings, with a focus on the European market. Aki et al. (2005) present strategies for controlling a set of four homes with CHP fuel cells that can convert hydrogen to electric power and hot water. A distributed CHP and district heating system for Pordenone, Italy is considered by Casisi et al. (2009) .
There are also a number of papers that propose algorithms for optimising the dispatch of decentralised CHP generators given a heat and power demand profile (Song et al., 1999; Rooijers and van Amerongen, 1994; Hernandez-Aramburo et al., 2005; Weber et al., 2006) .
A comprehensive review of optimisation in energy generation is given by Bazmi and Zahedi (2011) .
In contrast to these works, we do not assume a fixed demand that we are trying to match as cost-effectively as possible. We assume that a company runs a set of micro-CHP generators that provide hypothetical network of 100 apartment complexes with heat and hot water.
The company obtains a fixed fee for the heating services it provides and wants to earn additional profit from selling the aggregated electric power of the generators on the National Electricity Market (NEM) in Australia.
On this market, electricity producers submit bids one day ahead of dispatch. As described in the characterisation of the Australian energy market (AEMO Ltd, 2010), the market operator then determines for each time slot the market price and the power will be dispatched if the market price is higher than the price requested in the bid. Since the prices on the spot market can vary in orders of magnitude over one day, deciding when to sell how much electricity is critical for the profitability of the proposition.
The generated electric power that is not sold on the electricity market can be used to satisfy power demand in the apartment complexes for a fixed retail tariff.
THE PHYSICAL MODEL
We assume a water based underfloor space heating system for the apartment complexes because it is well suited to CHP applications. These systems have a fairly large thermal inertia so that we can assume the energy demand for space heating to be almost constant over any given day.
The heating systems of the different apartment buildings are independent of each other. We assume that both the hot water service and the space heating service for each building use tanks containing hot water as energy storage. We also assume that there is a constant loss of energy per time slot from the tanks even if no hot water is used due to imperfect insulation. Hot water use by the residents of the apartment complex draws additional energy from the tanks.
For each of the two tank systems, there are two ways in which the temperature and thus the stored energy can be raised: Water can be heated in a heat exchanger using the hot exhaust of the generator or the water can be heated using gas boilers. We assume that the connection between added energy and water temperature is linear. The linearity assumption can be justified because the water temperature in the tanks is always kept inside a narrow range.
When a generator is running it produces a fixed amount of electrical power and a fixed amount of heat power. An arbitrary part of this heat power can be vented into the atmosphere. The remaining heat power passes through a heat exchanger and is split between the hot water and the space heating storage tanks associated with the generator. The ratio of the split can be freely chosen.
THE OPTIMISATION PROBLEM
The control strategy determines when to operate the CHP-generators and how much electrical power to offer to the NEM in order to maximise the variable profit of the CHP-system.
We assume that we want to offer at most one block of power to the NEM each day. A block is a fixed power output provided during a time interval without interruptions. Therefore, the daily NEM bid is defined by three values:
1. The start time of the bid block 2. The duration of the bid block (defining the "width" of the block) 3. The electrical power we want to offer (defining the "height" of the block)
We define the variable profit of the CHP-system as the income generated by the NEM bid minus the fuel and maintenance costs of the CHP system plus the electricity and fuel costs for satisfying the same heat and local electricity demand by conventional means. It follows that the variable profit is:
In this formula, p nem is the income from the NEM bid, I is the amount of electricity the CHP system provides for local use, c r is the retail cost of electricity, c chp are the fuel and maintenance costs for the CHP solution and c c are the fuel costs for the boilers providing heat for the conventional solution. Note that c chp is always greater or equal to c c since the CHP-solution has to provide the same heating services and the heat efficiency of a boiler is greater than the heat efficiency of generators.
The optimisation problem is quadratic because the revenue generated by the NEM bid in each time slot is obtained by multiplying the variable defining if the NEM bid spans the slot or not with the power level variable and the NEM price (a constant). All other components of the objective function as well as the constraints are linear.
We assume that the power demand in the NEM and thus the price is very low during the night for each day of the year. We also assume that the hot water demand in the apartment complexes is very low during the night and therefore that the heating systems connected to the generators are in a similar state early each morning before the hot water demand ramps up. Thus, we treat each day as a separate optimisation problem.
The matrix that defines the optimisation problem in not negative semi-definite so we cannot use convex optimisation techniques. Therefore, we split the problem into two parts: 1. Determining the power level of the NEM bid 2. Determining the time slots of the bid block and scheduling the generators If we fix the power level of the NEM bid the optimisation problem becomes an integer linear program solvable with standard tools. Our solution method steps through a suitably chosen set of 10 power levels and computes an optimal solution for each power level. The power level where the highest profit was obtained together with the corresponding generator schedule and energy distribution is our solution for the given problem. To be able to use the two types of generators for the same buildings, we use either one Capstone C65 or two Cummins GGFE run as a single generator (total capacity 6.5 MW and 6.0 MW respectively).
We utilise the heat, power and energy demand simulator developed by Weiskircher et al. (2008) .
OPTIMISATION RESULTS
In this section, we first present the results for two single one day scenarios in detail to show the behaviour of the system and as an example of the data produced in the optimisation process. We then present results for the year of 2012. Figure 1 shows the NEM prices on the 9th of March 2012. We have chosen this day because the price in the NEM on this day does not have significant peaks but is also not particularly low, so it is similar to most days of the year. For this particular day, where no extreme NEM prices occurred, the most profitable power levels for the bid (among the 10 we tried for each type of generator) was 2.4 MW for the Cummins reciprocating engines and 2.6 MW for the Capstone turbines. Table 1 shows the characteristics of the best solutions found. The income from the NEM bids are quite small compared to the total variable costs and are less than 5% of the total profit. Since the price in the NEM never reaches the retail price of electricity on this day, it is more profitable for the operator to concentrate on satisfying internal power demand and only sell small amounts of power to the wholesale market.
On the 29th of November 2012, the price in the Victorian part of the NEM reached a peak of 9325.98 AUD/MWh. This spike was caused by high temperatures resulting in increased use of air-conditioning equipment etc. Figure 3 shows the price development in the Victorian part of the NEM on that day. The y-axis has a logarithmic scale to show more detail. Figure 4 shows the profits for each of the power levels we tried for the peak day. The profit grows linearly with the power level of the NEM bid block for the case where turbines are used (empty circles) as well as the case where reciprocating engines are used (filled circles). The reason is that in this case, the income generated by the NEM bid dwarfs the income generated by satisfying local demand. Table 1 shows that for the peak price day, the income from satisfying local demand as well as the variable costs are almost insignificant compared to the income from the NEM bid.
To see how much power the control strategy would provide to the NEM over a whole year, we used the half hourly resolution price data of AEMO for the year 2012. Table 2 shows a summary of our results.
Since the profit distribution was very similar for the turbines and the reciprocating engines but the total profit for the engines was higher, we only present plots for the results of the experiments using the Cummins GGFE generators in this section. Table 1 . Characteristics of the best solutions found for the average day and peak day scenarios Figure 5 shows the variable profit for each day in 2012 on a logarithmic scale. These profits are the variable revenues (revenue from NEM-bid and electricity provided to the apartment building plus the heating cost in the conventional case) minus the variable costs. The days with high NEM prices are clearly apparent given the very large profit achieved on these days. The average variable profit over the whole of 2012 was 3061.44 AUD per day.
We also collected data on the amount of CO 2 emissions saved by using the CHP-system instead of heating with boilers and buying all electricity from the grid. According to the State Government of Victoria (2002), 1.444 kg of CO 2 equivalent is emitted for every kilowatt of electricity produced currently in Victoria (mostly by brown coal fired power stations). For each gigajoule of natural gas used, the amount of CO 2 equivalent produced is 51.7 kg.
To calculate the CO 2 savings, we compute the amount of CO 2 emitted to generate the same amount of electricity that the CHP-generators produced during 2012 (NEM-bid and local use) and added the emissions produced Figure 5. Daily variable profits for 2012 using our operating strategy. Note that the y-axis is logarithmic and that negative profits have been left out using a conventional heating system (boilers) to provide all heat load for that year. From this value, we subtracted all CO 2 emissions created by the reciprocating engines and boilers in our CHP-solution. The results are shown in Figure 6 . Figure 6. Tonnes of CO 2 saved for each day in 2012 using the CHP-system with reciprocating engines
The savings are around 60 t a day in summer and go up to 120 t in winter. The mean daily savings are 83.10 t and the total savings for 2012 are 30,406 t. This represents a 52% reduction in annual emissions compared to satisfying the heat and electrical demand of the apartment network by conventional means.
CONCLUSION
We have presented a linear programming based optimisation strategy for controlling micro-CHP generators that provide heating, hot water and electricity for apartment blocks.
By running the optimisation for each day of the year 2012, we show that an operator running CHP-generators according to the business model we describe in this paper must make sure that he or she can profit from the days with extreme NEM prices. A business model where the operator can only sell electricity to the occupants of the apartment blocks for the retail price has a much smaller earning potential. Therefore, allowing distributed generation operators with significant capacity to participate in the NEM should greatly encourage the installation of these devices.
Our results also show that the savings in CO 2 emissions from using CHP-generators in apartment buildings can be substantial.
